University of Tennessee at Chattanooga

UTC Scholar
Honors Theses

Student Research, Creative Works, and
Publications

5-2021

The effect of the apolipoprotein A1 (APOA1): the stability and
folding in potassium chloride environment
Alexandra Paladian
University of Tennessee at Chattanooga, hgb143@mocs.utc.edu

Follow this and additional works at: https://scholar.utc.edu/honors-theses
Part of the Biochemistry Commons, and the Physical Chemistry Commons

Recommended Citation
Paladian, Alexandra, "The effect of the apolipoprotein A1 (APOA1): the stability and folding in potassium
chloride environment" (2021). Honors Theses.

This Theses is brought to you for free and open access by the Student Research, Creative Works, and Publications
at UTC Scholar. It has been accepted for inclusion in Honors Theses by an authorized administrator of UTC Scholar.
For more information, please contact scholar@utc.edu.

The Effect of the Apolipoprotein A1 (APOA1):
The Stability and Folding in Potassium Chloride Environment
Alexandra Paladian
April 2021

Departmental Honors Thesis
University of Tennessee at Chattanooga
Department of Biology

Dr. Luis E. Sanchez Diaz
Project Director

Dr. Margaret Kovach

Dr. Fernado Alda

Departmental Examiner

Departmental Examiner

THE EFFECT OF THE APOLIPOPROTEIN A1 (APOA1)

2

Abstract
Healthy levels of potassium chloride (KCl) can significantly affect the workings of the
cholesterol level of the human body and how they pertain to an individual person. The search for
a better salt additive for the human diet can provide a better option for people who experience
high cholesterol levels and heart disease. The study focuses on the experimental design of the
Molecular Dynamic (MD) simulation of the Apolipoprotein A1 (APOA1) in the potassium ion
solution environment to determine the stability and folding of the protein. The study also
compares its data to the previous experimental design of chloride ions to determine the stability
and folding of APOA1. The simulations revealed that the potassium ion solution environment
makes APOA1 stable, but it does not fold, unlike the chloride ion solution system that makes the
protein stable and fold. The hypothesis of the research was proven wrong, due to the initial
thought that the APOA1 would fold in the experimental conditions of potassium ions solution.
However, there might be more to the behavior of the APOA1 if the potassium and chloride ions
were together in the solution for the future experimental designs to help understand how the
proper ions mix can still stimulate protein folding along with the stability to produce healthy
cholesterol levels in the human body.
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1.1 Background:
Healthy levels of potassium chloride (KCl) can significantly affect the workings of the
cholesterol level of the human body and how they pertain to an individual person. The search for
a better salt additive for the human diet can provide a better option for people who experience
high cholesterol levels and heart disease. Moreover, the type and the amount of salt can dictate
the levels of the blood cholesterol and how the neutral salt in the physiological pH interacts with
the protein that is responsible for the control of the cholesterol levels (Metcalf et al., 1990).

Potassium chloride is a suitable candidate for the solution because potassium (K+) maintains
intracellular tonicity, the requirement for nerve conduction, cardiac, skeletal, and smooth muscle
contraction, production of energy, the synthesis of nucleic acids, and maintenance of blood
pressure and cholesterol (“Potassium chloride,” 2020). The substance is a metal halide that has
antihypertensive effects when taken as a nutritional supplement. One of its properties lies with
the potassium component. The potassium portion of the salt is intracellular cation with a
concentration of 140-150 mmol/l in the human cells and 3.5-5 mmol/l in the extracellular fluid of
the cells (Zacchia et al., 2016).

Paired with Apolipoprotein A1 (APOA1), the molecule that transports cholesterol through the
bloodstream (“APOA1 gene”, 2020), there is a correlation for testing how this salt and protein
interact with each other. The function of the protein in the human system pertains its composition
of a high-density lipoprotein that is responsible for the lipid metabolism in the blood stream.
Moreover, the protein is a key feature in the fatty acid efflux that transports cholesterol from the
human tissues to the liver to be filtered out of the body (Balderas Altamirano et al., 2015). The
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aim is to discover the effects of the potassium chloride solution on the stability and folding of
APOA1 protein, the relationship between this interaction, and how it corresponds to the human
system concerning the levels of cholesterol in the bloodstream.

1.2 Selection of the Apolipoprotein A1 (APOA1):
The properties of the Apolipoprotein A1 (APOA1) make it a desirable candidate for the
continuation of the work previously done on the conformation and stability of the protein in the
ionic solutions (Smith, 2019). Due to the property of the protein being a high-density lipoprotein,
the subject might yield potential results towards the levels of cholesterol and how it affects the
good cholesterol in the individuals that potentially use potassium chloride over their dietary
limit. The overuse of the substance can also cause various cardiovascular health issues, including
heart disease (Ansell et al., 2015).

Previous research on this protein involved computerized simulations of the organic molecule in
ionic solutions and their effect shown on the concentration (Ansell et al., 2005). Folding of the
proteins dramatically depends on their environment, precisely on the solvent factor. The
hydrophobic effect of the water drives protein folding and is a suitable solvent for unfolded
states, which might be beneficial for the supplement of misfolding (Shahzad, 2018).

Moreover, the factor of acidity in hypochlorous acid can be potent to the DNA in amino acids of
the protein and the influence of its folding process, thus determining the potential of apoptosis
cell death through the human coronary artery endothelial cells (Shahzad, 2018).
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Figure 1: The native structure of APOA1 from Protein Data Bank (Smith, 2019). The task is to
determine how the protein will change its shape and folding confirmation depending on the
concentration of the experimental environment system by using molecular dynamics in
GROMACS.

1.3 Molecular Dynamic Simulation and GROMACS:
Molecular Dynamic (MD) simulations and thermodynamic analysis show the protein folding or
unfolding in the specified concentration, which is essential in the proper function of the molecule
and how it can affect the human body (Abraham et al., 2015). The multi-step process of protein
folding provides a comprehensive picture of the relationship and the interaction of the molecule
with its environment and how it can potentially affect the health of a human body. The MD is
often used in biophysical research, as it is a preferable way to gain data on the subject in a
quicker manner (Smith, 2019).

Ultimately, computer simulations are the best way to test the folding properties of the protein,
analyze data, and compare it with various outside factors. The data will be further applied to the
inner workings of the proteins concerning the levels of cholesterol (Smith, 2019). The
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technological limitations still exist in this scientific area concerning the accuracy of the data
presented, but it can be monitored through the software coding system and simulations using
GROMACS (Groningen Machine for Chemical Simulations) (Abraham et al., 2015; Smith,
2019). Also, the frequency of the simulations run is used as the way to solidify the results of the
previous data computations, and the data can be compared to the findings in similar research.

The Protein Data Bank allows the download of the APOA1 in its native conformation from
NMR spectroscopy before a simulation can begin. The properties of the protein are known and
understood by the program, such as mass, charge, and amino acids (Smith, 2019). The simulation
can begin whenever the desired properties of volume, molarity, heat, pressure, and potential are
established in the system. A detailed description of the command lines is described in Appendix
1.

The steps needed to accomplish the simulation require processing time and computers that would
run the data quickly. The computing power of a 24-core processor of the laboratory computer for
the simulation run alleviates the long run times of the simulation, which allows to derive the data
sooner and to confirm the experiment before starting the next stages of the research (Smith,
2019).

1.4 Protein Folding:
The APOA1 folding greatly depends on its stable environment; thus, the function of the protein
will not be achieved if the apolipoprotein is not correctly established in the system. The solvent
for the protein used is water, which is argued, by Clark et al. (2020), that the unfolded states of
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proteins are expanded in water, and that suggests that water is a good solvent. Also, the folding
and unfolding depend on the hydrophobic effect that promotes the action, thus makes water the
neutral, good solvent that prevents misfolding and non-specific interactions (Clark et al., 2020).

The folding and unfolding of the protein include a complex process that requires high-resolution
characterization by molecular dynamics simulations that are used to analyze the conformational
changes in the protein and how the solvent can be responsible for the folding and unfolding of
the protein (Ferina & Daggett, 2019). APOA1 protein is a complex structure because it consists
of positive, negative, and neutral sequences in its structure, along with residues of hydrophilic
and hydrophobic properties (Balderas Altamirano, 2015). The meaning of these diverse
enigmatic properties can be beneficial in the protein folding in different charged environments.

A stable protein structure depends on the types of ions that will keep it in homeostasis and in a
preferable conformation (Ibragimova & Wade, 1998). Some kinetics of breaking a salt-bridge of
Arg-Glu can be observed as a potential barrier to protein folding and unfolding that can be
analyzed by using molecular dynamics simulations (Gruia et al., 2004). Moreover, the gene that
is responsible for the folding can be influenced by the environmental system and cause the
folding and unfolding of the protein.

The gene that is responsible for the APOA1 folding, the APOA1 gene, contains the information
for the creation of this protein (APOA1 gene, 2020). The Apolipoprotein A1 is a part of the highdensity lipoprotein (HDL). HDL is responsible for the transfer of cholesterol and phospholipids
from the human tissues to the liver (APOA1 gene, 2020).
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The transport occurs through the bloodstream, and the liver is the point where the cholesterol and
phospholipids either get removed from the body through waste or get moved to a different
location (APOA1 gene, 2020). This process is essential because HDL is known as the good
cholesterol of the body and its high levels reduce the potential occurrence of diseases such as
heart and cardiovascular disease (APOA1 gene, 2020).

APOA1 protein interacts with the cell membranes, which moves the cholesterol and
phospholipids from the inner to the outer part of the cell. Cholesterol and phospholipids interact
with APOA1 protein to create HDL. The protein also converts the cholesterol to the type of
substance that can be linked into HDL and moved through the bloodstream, which is the process
of cholesterol esterification (APOA1 gene, 2020).

The proper functioning protein will fold in the right environment to produce these steps towards
increasing HDL cholesterol into the cells and human body. The importance of having healthy
cholesterol levels and conditioned cardiovascular health depends on the normal function of the
protein. However, familial HDL deficiency and disorders are common when there is a mutation
or unfavorable environment that can cause the APOA1 protein to not properly fold and function
(APOA1 gene, 2020).

The mutation in the APOA1 gene is responsible for familial HDL deficiency, which is a
condition that can be inherited by having low levels of HDL due to the gene mutation and an
improper fold of the protein (APOA1 gene, 2020). Early cases of cardiovascular disease are
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possible due to the APOA1 protein not able to fully stimulate HDL cholesterol and
phospholipids into the cells and human body. Moreover, there is a case when the protein will not
fold to provide cholesterol esterification, which will not let cholesterol be linked into HDL
particles, and there will be less or no traffic of HDL through the bloodstream (APOA1 gene,
2020).

Other mutations in the APOA1 gene correlate with the occurrence of familial visceral
amyloidosis, which is the abnormal development of proteins inside the human body and
especially in the internal organs (APOA1 gene, 2020). Also, the study by Doss et al. (2012)
argues that the substitutions in the amino acid, specifically in Fibroblast Growth Factor Receptor
1 (FGFR1) in some proteins, can have impactful genetic disorders due to the failure of the
protein to be able to compute a fold based on the amino acid change. The way to detect the
outcome of the protein in a timely manner, the molecular dynamics simulations can be used to
understand if either a mutation or environmental agent caused its new behavior.

As the mutation can affect the folding of the APOA1 protein, these faulty proteins can stack up
affect organs through their amyloid deposits and disturb the liver, kidneys, and/or heart. While
the condition can present either mild or no symptoms, some of the affected people can develop
hepatomegaly (enlarged liver), chronic kidney disease, and/or cardiomyopathy (heart disease)
(APOA1 gene, 2020). Tang et al. (2019) also mention the effects on the cellular level by
describing the effect that the unfolded protein can have on the endothelial cells in the human
coronary artery and their potential apoptosis due to the incorrect layout of the protein, as
mentioned in section 1.2.
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1.5 Previous Work:
The study conducted by Balderas Altamirano et al. (2015) used the dynamics simulations to
research the folding of the APOA1 and how it affects cholesterol. To figure out the data
presented, they calculated the radius of gyration (Rg) and root mean square deviation (RMSD).
Their report includes that there are two configurations that the protein takes on in the
environment, which are the extended structure and the looped structure. The research argues for
the looped structure to be the key factor of the protein function and the associated with the
cholesterol and based on the hydrophilic and hydrophobic factors of the protein face and its
interaction with the environment.

The research with APOA1 protein has been studied before in various simulated environments.
The molecular dynamics (MD) expanded the work in protein behavior by simulating the accurate
setup that has not been available in previous experiments before the computerization (Abraham
et al., 2015). By choosing molecular configuration, analyzing atomic interactions, running
simulations, and deriving the data from the MD run, the software provides customization in the
experimental methods. The software applications that can be used include GROMACS,
AMBER, NAMD, CHARMM, LAMMPS, and Desmond (Abraham et al., 2015).

One of the previous works mentions using CHARMM27 as a popular force field for
biomolecular simulation package in GROMACS. CHARMM was compared to traditional TIP3P
that concerns the effects of both correction maps and the effect of Lennard-Jones interactions on
hydrogens (Bjelkmar et al., 2010).
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The protein-specific study focused on the molecular dynamics simulation of APOA1 in ionic
liquids, specifically the liquids in sodium, chloride, and 1-ethyl-3-methylimidazolium (EMIM),
to analyze how the protein behaves in those solutions (Smith, 2019). Following the style of the
study, the experiment will focus on the molecular dynamics in simulation of APOA1 in ionic
liquids of potassium and how the protein will behave in this custom ionic environment. The
study of using the chloride ions by Smith (2019) is used to compare the environment with the
potassium ions in this experiment to determine the behavior of APOA1.

1.6 Objectives:
The research and simulation experiment will serve to further explain and compare previous
studies on the effect of different ionic solutions on the conformation and stability of the
Apolipoprotein A1 (APOA1). Through Molecular Dynamic Simulation and GROMACS, there
will be new data regarding the interaction of the protein in the environment with potassium ions
and how these findings can correspond to the human system concerning the levels of cholesterol.

The results will be compared to the study done by Smith (2019) to understand the similarity and
difference in the behavior of APOA1, specifically in the part of the ionic compound of chloride,
which was previously studied. The potassium factor is a new component in this experiment, and
it will be heavily considered for review during the results and discussion sections. The goal is to
further understand the interaction of APOA1 in the potassium solution and refer to the studies to
seek an explanation for the potential behavior of the protein in the KCl solution. Based on the
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information, the hypothesis of the research is that the protein might have an active interaction in
the potassium ion solution on its stability and folding in the simulation system.
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2.1 Apolipoprotein A1 Structure:
The structure of APOA1 is shown below (Figure 2). The fragment of the apolipoprotein consists
of bends represented by a light green line, turns represented by a dark green curved line, 3/10helix represented by a pink wavy line, and alpha-helix represented by red wavy line (Smith,
2019).

The human APOA1 has the conformation of the helix-hinge-helix structural motif. The
composition of the amino acids is twenty-two hydrophobic and seven hydrophilic configurations
(Smith, 2019). The charges of the amino acids include ten positive and six negative charged
entities. There are two alpha helixes at the amino acid positions of 14-21 and 27-35 (Smith,
2019). Those regions are limited in movement due to being stabilization of hydrogen bonds in
the secondary structure of the protein, and other sections can be prone to more structural
influence (Smith, 2019).

Figure 2: Amino acid sequence and secondary structure of APOA1 (Smith, 2019).
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2.2 GROMACS:
The objective of the GROMACS, the MD package software, is to simulate the environment and
test the outcome of the APOA1 behavior in the high halite concentration. There were preparatory
steps taken before the start of the simulations. The setup included loading data, solvation, the
addition of water, and the appropriate ion structure. Then, the protein needs to be programmed
in, and both the solvent and the protein will be equilibrated before the production simulation and
the outcome of the trajectory (Abraham et al., 2015). The trajectory, acting as a binary file,
records the atomic coordinates at multiple time steps and shows the dynamic motion of the
molecule, which will demonstrate how the protein interacted with the halite and if it still has a
proper folding for its normal function (Abraham et al., 2015).

Along with the setup, GROMACS is important in the calculation of every particle in the system
that is in motion. Simulation analysis allows for the calculation of these equations in a more
timely and efficient manner than manually. The function of time, r(t), is the trajectories given for
the simulation. Also, bonding, and non-bonding interactions in the protein can be calculated
through these equations. Water implementation and ionic interactions in the system are other
factors to consider that would require making changes in these equations (Smith, 2019).
Equation 2.2.1:
𝐹 = 𝑚𝑎 = 𝑚 (

𝑑𝑣
𝑑2𝑟
) = 𝑚 ( 2)
𝑑𝑡
𝑑𝑡

Equation 2.2.2:
𝐹 = −∇𝐸
Figure 3: The Newtonian equations of motion for N atoms (Smith, 2019).

THE EFFECT OF THE APOLIPOPROTEIN A1 (APOA1)

18

To achieve the proper environment in the simulation, there are specific commands need to be
followed regarding the selection of the force field. The establishment of potential energies
between molecules and any application of the restraints for the system drives the main functions
of the force field type selection and implementation in the environment (Smith, 2019). OPLSAA/L all-atom force field was selected in GROMACS to continue the simulation (Lemkul,
2018).
Equation 2.2.3:
1

1

𝑉(𝑟) = ∑1,2 𝑝𝑎𝑖𝑟𝑠 2 𝐾𝑏 (𝑏 − 𝑏𝑏0 )2 + ∑𝑎𝑛𝑔𝑙𝑒𝑠 2 𝐾Θ (Θ − Θ0 )2 + ∑𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠 𝐾𝜙 (1 +
𝜎

12

cos(𝑛𝜙 − 𝛿)) + ∑𝑖,𝑗 {4𝜀𝑖𝑗 [( 𝑟 𝑖𝑗 )
𝑖𝑗

𝜎

6

𝑞𝑞

𝑖 𝑗
− ( 𝑟 𝑖𝑗 ) ] + 𝜀𝐷𝑟
}
𝑖𝑗

𝑖𝑗

Figure 4: The calculation of the energy in the interaction for all atoms in the system. The spring
potential represents the first three sections of the calculation, and the last section represents
Leonard Jones force calculation from Pauli repulsion and Van Der Waal interaction (Smith,
2019).

Moreover, a detailed setup is required for the simulation to run successfully, and it uses the PDB
(Protein Data Bank) input to create three files for the MD simulation. A topology of the APOA1
protein will be prepared, which includes the information needed to describe the molecule for the
simulation: atomic mass, bond length, angles, and charges. Also, a force field and water model
must be present for the topology calculation. It is recommended to use the OPLS/AA force field
and SPC/E water model for the computer run (Bray, 2020). The PDB protein structure will be
converted into a GRO file, its structure centered in a simulation box.

The additional steps in the programming will include solvation using GROMACS and adding
ions tool. The coding will ensure that the water molecules are added to the structure, and
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topology files fill the unit cell with the addition of potassium ions. Moreover, the structure must
be relaxed by running an energy minimization (E.M.) algorithm to remove any steric clashes.
NVT equilibration will be performed to stabilize the environment around APOA1 protein and to
hold it in place in the system. Only after those measures are considered, the position restraints
can be released, and a production MD simulation will be run to attain data for analysis.

2.3 Solvents:
The selection of solvent in the environment system of the APOA1 in GROMACS depended on
the type of simulation needed to observe the interaction between the protein and potassium
chloride environment. Water was selected as a good solvent due to the high percentage of water
found in the human body and its bloodstream, which is a way to mimic the environment in the
simulation (Smith, 2019). Also, this medium is shown that it reduces misfolding and non-specific
interaction of the protein (Clark et al., 2020).

Since the protein folding thrives based on the hydrophobic effect, adding water as the solvent
should provide the motivation for the APOA1 to behave naturally when in contact with water.
The hydrophobic surface area decreases on the outside of the protein when in water because the
apolar side chains in the soluble protein bury themselves in the interior portion of the structure
(Clark et al., 2020).

The burial of the hydrophobic area of the protein increases the solvent (water) entropy because
the water molecules do not need to adapt to the hydrophobic outer surface of the protein because
those parts are folded inside the protein (Clark et al., 2020). This allows for the best environment
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to experiment with to figure out how the addition of potassium chloride ions can influence the
solvent-protein relationship and the behavior of the folding and unfolding of the protein.

2.4 Simulation Details:
To create the environment for testing the APOA1 protein in the potassium solution, a series of
simulations were conducted to provide findings to the research. The GROMACS Tutorial,
Lysozyme in Water, was used as a guide to code in the commands and run the simulation data
with a minor modification in the addition of the ions stage (Lemkul, 2018). The following will
discuss the steps taken to achieve the proper K+ environment for the APOA1 protein. The
detailed codes and force field selections of the program needed to achieve the desired simulation
environment can be found in Appendix 1.

Before the Ubuntu software can be used to start the simulation with the Lysozyme in Water
tutorial, the APOA1 was downloaded from the Protein Data Bank on the RCSB website. The
structure can be assessed visually through the VMD, Chimera, or PyMOL program. This
determines whether the molecule needs to be stripped out of the crystal waters (Lemkul, 2018).
In the case of the APOA1, the entity was already clean of crystal water and ready for the
preparation of its topology.

The preparation of the topology for the molecule also requires checking the .pdb file for any
components, such as atoms or whole residues, that might be missing, which can interfere with
the dynamics process (Lemkul, 2018). Once the PDB file contains only protein atoms, then the
next step in the tutorial will include preparing the pdb2gmx module. The purpose of this step is
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to establish the molecular topology (topol.top file). The entity will contain the necessary
information for the definition of molecule in the simulation (Lemkul, 2018).

When the protein structure is prepared by the pdb2gmx file, then the software program prompts
several choices of force fields to select. The selection of the force field is a critical choice that
can determine the direction of the simulation being conducted (Lemkul, 2018). After completion
of these steps, there are three new files added to the structure file of the protein via GROMACSformation with the force field that has all the atoms defined inside (Lemkul, 2018).

The next step includes the examination of the topology of the protein. The interpretation of the
information will include the atom number, atom type and name, amino acid residue number and
name, the charge and the charge group number, and mass (Lemkul, 2018). Following the
examination, the GROMACS needed to define the box dimensions of the APOA1 and fill the
box with water using the solvate module (Lemkul, 2018). This means that the topology of the
protein does not change if any other non-water solvent is added to the environment.

The addition of the ions within GROMACS followed the previous step, which is usually called
genion (Lemkul, 2018). The stimulation ran the environment on the potassium ions environment
and will compare the chloride environment that has been derived from the previous research in
the discussion and conclusion chapter.

The protein structure was then relaxed through the next process of energy minimization. The step
is similar to the addition of the ions, but this ensured that there is no steric clashes or improper
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geometry in the subject of the simulation (Lemkul, 2018). Both steps were used to assemble the
structure, topology, and simulation parameters of the APOA1, but energy minimization ran this
process through a GROMACS MD engine called mdrun. The following steps used the mdrun
command to gather data graphs for the analysis technique.
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2.5 Data Analysis Techniques:
Once the GROMACS reaches the Energy Minimization step, then the process of mdrun is used
to analyze the genion and to produce a data graph of potential from the energy minimization. The
data graph is presented as the Energy Minimization Step vs. Potential Energy in kJ mol^-1
(Lemkul, 2018).

Potential

Figure 5.1: The data graph is presented as the Energy Minimization Step “Time in ps vs.
Potential Energy in kJ mol^-1.” The total time run is 2000 ps.
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The following step ensured the equilibration of the solvent and ions around the protein, which is
called the process of NVT Equilibration (Lemkul, 2018). This will establish the proper
temperature, based on kinetic energies, for the protein to be used in the simulation for the
interaction with the solvent. The mdrun will establish a file for another manifestation of data.
The data graph is presented as the Time in ps vs. Temperature in Kelvin (Lemkul, 2018).

Temperature

Figure 5.2: The data graph is presented as the Time in ps vs. Temperature in Kelvin. The total
run time is 100 ps.
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Pressure in the system needed to be stabilized next for the proper density of the protein, which is
also called the “isothermal-isobaric” ensemble. The process is similar to the establishment of the
right temperature in the system. This continuation from the NVT Equilibration ends with the
other mdrun that will produce data for pressure (Lemkul, 2018). The stability of the protein also
depends on the type of pressure exerted in the system, which makes the calibration of pressure
important (Hatch et al., 2014). The data graphs are presented as Time in ps vs. Pressure in bars.

Pressure

Figure 5.3: The data graphs are presented as Time in ps vs. Pressure in bars. The total time run
is 100 ps.
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The completion of the two equilibration stages ensured that the system is at the desired
temperature and pressure for the next stage that will release the position restraints for the MD run
production and data collection (Lemkul, 2018). Like the previous steps, the Production MD
creates a specific file for data retrieval and analysis.

Along with the previous data graphs, the radius of the gyration graph is presented to analyze the
compactness of the protein, which will explain if the APOA1 stayed relatively folded or
unfolded based on the steady value of gyration (Rg). The data graph is presented as Time in ns
vs. Rg in nm. in the results chapter (Lemkul, 2018). The calculation first needs the value for the
center of the mass equation shown below, which is for all the atoms within the backbone of the
protein. The purpose of this is to know that the radius has a zero value to the center mass of the
protein backbone. This allows the m value to be a mass of a single atom and for gyration to be
calculated in real space (Smith, 2019).
Equation 2.5.1:
𝑁

0 = ∑ 𝑚𝑖 (𝑟𝑖 − 𝑟𝑐 )
𝑖=1

Figure 6.1: The center of mass equation (R(c)) (Smith, 2019).

Equation 2.5.2:
𝑁

𝑅𝑔 = √∑ (
𝑖=1

m(𝑟𝑖 − 𝑟𝑐 )2
)
M

Figure 6.2: The radius of gyration equation for the average distance of the center of mass in the
backbone of the protein, which includes each atom (Smith, 2019).
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The RMSD, Root Mean Squared Distribution, a graph is derived to analyze if the protein
structure was stable in the given environment. The data graph is presented as Time in ns vs.
RMSD in nm. in the results chapter (Lemkul, 2018). The process is similar to the calculation of
gyration because it also can be put into the GROMACS for the computerized data output. Both
calculations and graphs are needed to get a complete picture of the effect of the protein in the
simulated environment (Smith, 2019).
Equation 2.5.3:
𝑁

1
𝑅𝑀𝑆𝐷(𝑡1 , 𝑡2 ) = √ ∑ 𝑚𝑖 ∥ 𝑟𝑖 (𝑡1 ) − 𝑟𝑖 (𝑡2 ) ∥2
𝑀
𝑖=1

Where 𝑡2 = 𝑡1 + ∆𝑡
Figure 7: The RMSD equation for the analysis of the topology from the simulations. Just as
gyration, it is used to study the backbone of the protein but also shows how the protein changes
from its original positioning (Smith, 2019).
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3.1 Ionic Solvent Concentrations:
As the water and ions were inserted into the environment around the protein, following the
creation of the box around the protein, the topology file of the APOA1 is used to determine the
ion concentration in the system environment. Due to the slight variation of the amount of water
molecules in the simulation, the ion concentration number is different based on the amount and
type of ions present.

Ions of K+

Water Molecules

4

33,339

8

33,323

16

33,307

Figure 8: The amount of water molecules that are present in solution with the ion count based on
the topol.top file derived from the MD simulation of K+ ions. The gathered data represents an
inverse relationship between the ions of potassium and the water molecule count.

3.2 Simulation Data of K Environment:
The RMSD graph is derived to analyze if the protein structure was stable in the given
environment. Also, the radius of the gyration graph is presented to analyze the compactness of
the protein, which will explain if the APOA1 stayed relatively folded or unfolded based on the
steady value of gyration (Rg). Each calculation will be based on the environment of 4, 8, or 16
ions of potassium molecules. One type of the graphs is not enough to figure out the state of the
APOA1, but both of the graphs can confirm with each other the folding and the stability of the
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protein. The following graphs are going to be compared in the discussion and conclusion chapter
to the study done by Smith in 2019.

Gyration (Rg) of APOA1 in Potassium 4 Ions System

Figure 9.1: Rg (in nm) of APOA1 in potassium 4 ions environment simulated over 1000 ps. The
protein is shown not to be compact in the graph because the values are not constant and above
the values that are needed for the protein to be folded. This means that the protein is not folding
in the potassium 4 ions system. The values of Rg below 1 nm mean that the protein is folded,
unlike the values that are above 1 nm mean that the protein is unfolded.
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RMSD of APOA1 in Potassium 4 Ions System

Figure 9.2: RMSD (in nm) of APOA1 in potassium 4 ions environment simulated over 1 ns. The
graph shows the stability of the protein based on the constant exponential value, but comparing
with the gyration graph, it shows that the protein is not folding. The values of RMSD below 1
nm mean that the protein is unfolded, unlike the values that are above 1 nm mean that the protein
is folded. The values confirm the stability of the protein, but in conflict with the radius of
gyration results.
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Gyration (Rg) of APOA1 in Potassium 8 Ions System

Figure 10.1: Rg (in nm) of APOA1 in potassium 8 ions environment simulated over 1000 ps.
The protein is shown not to be compact in the graph because the values are not constant and
above the values that are needed for the protein to be folded. This means that the protein is not
folding in the potassium 8 ions system. The values of Rg below 1 nm mean that the protein is
folded, unlike the values that are above 1 nm mean that the protein is unfolded.
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RMSD of APOA1 in Potassium 8 Ions System

Figure 10.2: RMSD (in nm) of APOA1 in potassium 8 ions environment simulated over 1 ns.
The graph shows the stability of the protein based on the constant exponential value, but
comparing with the gyration graph, it shows that the protein is not folding. The values of RMSD
below 1 nm mean that the protein is unfolded, unlike the values that are above 1 nm mean that
the protein is folded. The protein is unfolded in the graph results.
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Gyration (Rg) of APOA1 in Potassium 16 Ions System

Figure 11.1: Rg (in nm) of APOA1 in potassium 16 ions environment simulated over 400 ps.
The protein is shown not to be compact in the graph because the values are not constant and
above the values that are needed for the protein to be folded. This means that the protein is not
folding in the potassium 16 ions system. The values of Rg below 1 nm mean that the protein is
folded, unlike the values that are above 1 nm mean that the protein is unfolded.
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RMSD of APOA1 in Potassium 16 Ions System

Figure 11.2: RMSD (in nm) of APOA1 in potassium 16 ions environment simulated over 0.4 ns.
The graph shows the stability of the protein based on the upward trend value, but comparing with
the gyration graph, it shows that the protein is not folding. The values of RMSD below 1 nm
mean that the protein is unfolded, unlike the values that are above 1 nm mean that the protein is
folded. The protein is unfolded in the graph results.
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4.1 Discussion and Conclusion:
The goal of this work is to understand the behavior of APOA1 in the potassium environment
based on the increments of the number of ions that would be present in the system. The
following findings are going to be compared to the study done by Smith (2019) to figure out how
potassium ions can fit with the chloride ion and the ultimate behavior of APOA1 in potassium
chloride solution. Due to time constraints, both data sets are discussed with the intention of
hypothetical conclusion about the behavior of the protein when both types of ions would be
present.

The methodology of the simulations also suggested doing the simulation of water as a control
environment for the APOA1. The study by Smith (2019) provides the gyration and RMSD
graphs of the APOA1 in the water solution. The graphs and the image on the bottom show that
there is not much change in the structure of the protein, it is stable, and it is not folding.

Figure 12.1: Rg (in nm) of APOA1 in pure water solution simulated over 100 ns (Smith, 2019).
The protein is stable, but it is not folded because the radius of gyration value is over 1 nm.
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Figure 12.2: RMSD (in nm) of APOA1 in pure water solution simulated over 100 ns (Smith,
2019). The following represents a control for an environment without any addition of the ions in
the system. The protein is stable, but not folded because the value is below 1 nm. Any short
periods of spikes into above 1 nm range can be described as anomalies.

Figure 12.3: The digital representation of APOA1 in water (Smith, 2019). There is no folding
present on the image, but the protein is in a stable configuration. This set up of the protein is
preferred before the introduction of any ions in the system.

The chloride ion is now going to be compared to the potassium chloride. Both gyration and
RMSD will be discussed to understand their potential similarities and differences between those
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two ions. The study by Smith (2019) mentions that at the lower concentrations, the drop of
gyration would be evidence by the first 40 nanoseconds drop in gyration in the lower
concentrations. Figures 9.1, 10.1, and 11.1 also show the drop, but only figure 10.1 has a steeper
drop in the first 40 nanoseconds. Moreover, the chloride ion gyration graphs have a more closeknit trend than the gyration graphs in the potassium ion. The outcome is that the potassium ion
environment provides the open configuration due to the up and down jump of gyration data, and
this configuration can show that the protein is not compact and not folding. The chloride ion
study is showing the folding process by the more stable data than potassium ions. Moreover, the
data by Smith (2019) shows an eventually decline of the radius of gyration to the values below 1
nm, which means that the protein started to fold in the chloride ion environment. The radius of
gyration in the potassium ion environment does show the decline also, but it does not lower to
the value below 1 nm, and that will leave the protein in an unfolded confirmation.
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Figure 13.1: Comparison of gyration graph by Smith, 2019 (on the left) of APOA1 in 0.024%
chloride anion ionic liquid simulated over 100 ns and personal gyration graph of APOA1 in 4
ions of potassium simulated over 1000 ps. The graphs were picked based on the lowest ion
concentration, meaning that the higher ions comparison would follow the trend set up by the
individual studies. The data by Smith (2019) shows an eventually decline of the radius of
gyration to the values below 1 nm, which means that the protein started to fold in the chloride
ion environment. The radius of gyration in the potassium ion environment does show the decline
also, but it does not lower to the value below 1 nm, and that will leave the protein in an unfolded
confirmation.

The RMSD data will verify the outcomes from the gyration graphs to determine the correct
course for the behavior of the proteins in the different ionic environments. Same concentrations
will be used to keep the level comparison and assume that the trends in the studies follow the
inverse relationship between the ion compound and the water molecules. The study by Smith
(2019) shows the data set that inclines to the values above 1 nm, which means that the protein is
folding in the chloride ion environment. The data set of the potassium ion environment starts
with the values above 1 nm, which does confirm the folding of the protein; however, the data
results clash with the results of the radius of gyration of the potassium 4 ions system, and that
would require further examination to determine if there was any simulation error.
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Figure 13.2: Comparison of RMSD graph by Smith, 2019 (on the left) of APOA1 in 0.024%
chloride anion ionic liquid simulated over 100 ns and personal gyration graph of APOA1 in 4
ions of potassium. The graphs were picked based on the lowest ion concentration, meaning that
the higher ions comparison would follow the trend set up by the individual studies. The study by
Smith (2019) shows the data set that inclines to the values above 1 nm, which means that the
protein is folding in the chloride ion environment. The data set of the potassium ion environment
starts with the values above 1 nm, which does confirm the folding of the protein; however, the
data results clash with the results of the radius of gyration of the potassium 4 ions system, and
that would require further examination to determine if there was any simulation error.

Even though there are similarities between the RMSDs of this study and study by Smith (2019),
looking at both gyration and RMSD of the potassium environment shows that the open
configuration of the protein causes it not to fold and essentially not to work. RMSD confirms an
open, linear protein on the potassium side and folded on the chloride side. The difference
between the radius of gyration and RMSD results of the potassium 4 ions environment would
require additional simulation runs to determine if the difference in the data results is caused by
the simulation error or if the protein needed more simulation time to fold.
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The matter of the charges might be the factor that distinguishes the two structures. Potassium ion
is a positive molecule, and chloride is a negative molecule. This alone can speculate that positive
molecules of potassium do not cause folding, but the negative molecules of chloride do cause the
protein to fold. Previous studies do mention the strength of the hydrophilic and hydrophobic
faces of the protein but do also mention that the ionic strength is another factor for protein
folding. The previous study also worked with a sodium ion, which is also a positive ion molecule
and that could be another factor to compare between the sodium and potassium ions.

The electron charges of chloride and potassium are opposite, so there is a reason to believe that
APOA1 would interact with the chloride ion environment to stabilize and fold for the
continuation of the cholesterol in the human body. The potassium ion environment does have the
stability factor, but the protein did not fold in the simulation. The hypothesis of the research was
proven wrong, due to the initial thought that the APOA1 would fold in the experimental
conditions of potassium ions solution. However, there might be more to the behavior of the
APOA1 if the potassium and chloride were together in the solution for the future experimental
designs to help understand how the proper ions mix can still stimulate protein folding along with
the stability of the protein to function and produce HDL cholesterol in the human body.

4.2 Future Work:
The next avenue to explore concerning the effect of the APOA1 in the given system environment
would be to run the potassium ions simulation a few more times to verify that the data was
accurate and there are no hidden anomalies. Then, the potassium and chloride ions simulations
could be run side by side to analyze the graphs produced. The next challenge would be to figure
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out the molarity of the salt ions in the biological system to simulate the natural
microenvironment based on the data achieved through molecular dynamics. Also, since the
charges might be a factor in the study about the folding of the protein, the suggested experiment
might be needed to compare the protein behavior between sodium and potassium ions due to the
positive charge that both molecules exhibit.

By working on the previous steps, there can be more system runs that could span over more than
1 ns or 1000 ps. The interaction between the negative charge of the chloride and the positive
charge of the potassium should present a new behavior of the protein concerning the new
environment and if it will be able to fold to be viable for the HDL cholesterol production in the
human body. Also, other force fields can be run to compare and contrast the ability of the protein
to behave based on the manipulation from the GROMACS and not only based on the ions.
Moreover, the longer and multiple run times can provide a deeper understanding of the APOA1
stability and folding in the potassium chloride environment and if this salt type is suitable for the
human body and its levels of healthy cholesterol.
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Appendix 1:
The instructed commands for potassium and chloride simulations in GROMACS. The
coded instructions follow the methodology of a simulation of lysozyme in water (Lemkul, 2018).

Generate Topology

gmx pdb2gmx -f apoa.pdb -o apoa_processed.gro -water spce

Choose force field 15

Select the Force Field:
From '/usr/local/gromacs/share/gromacs/top':
1: AMBER03 protein, nucleic AMBER94 (Duan et al., J.
Comp. Chem. 24, 1999-2012, 2003)
2: AMBER94 force field (Cornell et al., JACS 117, 51795197, 1995)
3: AMBER96 protein, nucleic AMBER94 (Kollman et al.,
Acc. Chem. Res. 29, 461-469, 1996)
4: AMBER99 protein, nucleic AMBER94 (Wang et al., J.
Comp. Chem. 21, 1049-1074, 2000)
5: AMBER99SB protein, nucleic AMBER94 (Hornak et al.,
Proteins 65, 712-725, 2006)
6: AMBER99SB-ILDN protein, nucleic AMBER94 (LindorffLarsen et al., Proteins 78, 1950-58, 2010)
7: AMBERGS force field (Garcia & Sanbonmatsu, PNAS 99,
2782-2787, 2002)
8: CHARMM27 all-atom force field (CHARM22 plus CMAP for
proteins)
9: GROMOS96 43a1 force field
10: GROMOS96 43a2 force field (improved alkane dihedrals)
11: GROMOS96 45a3 force field (Schuler JCC 2001 22 1205)
12: GROMOS96 53a5 force field (JCC 2004 vol 25 pag 1656)
13: GROMOS96 53a6 force field (JCC 2004 vol 25 pag 1656)
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14: GROMOS96 54a7 force field (Eur. Biophys. J. (2011),
40,, 843-856, DOI: 10.1007/s00249-011-0700-9)
15: OPLS-AA/L all-atom force field (2001 aminoacid
dihedrals)

Create a “box” containing our system

gmx editconf -f apoa_processed.gro -o apoa_newbox.gro -c
-d 1.0 -bt cubic

Add Water

gmx solvate -cp apoa_newbox.gro -cs spc216.gro -o
apoa_solv.gro -p topol.top

Add Ions

gmx grompp -f ions.mdp -c apoa_solv.gro -p topol.top -o
ions.tpr

For potassium with (#) number of ions

gmx genion -s ions.tpr -o apoa_solv_ions.gro -p topol.top
-pname K -np (#)

For chloride with (#) number of ions

gmx genion -s ions.tpr -o apoa_solv_ions.gro -p topol.top
-nname CL -nn (#)
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Energy Minimization

gmx grompp -f minim.mdp -c apoa_solv_ions.gro -p
topol.top -o em.tpr

gmx mdrun -v -deffnm em

NVT Equilibration

gmx grompp -f nvt.mdp -c em.gro -r em.gro -p topol.top -o
nvt.tpr

gmx mdrun -deffnm nvt

NPT Equilibration

gmx grompp -f npt.mdp -c nvt.gro -r nvt.gro -t nvt.cpt -p
topol.top -o npt.tpr

gmx mdrun -deffnm npt

MD production

gmx grompp -f md.mdp -c npt.gro -t npt.cpt -p topol.top o md_0_1.tpr

gmx mdrun -deffnm md_0_1
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Data Analysis

gmx trjconv -s md_0_1.tpr -f md_0_1.xtc -o
md_0_1_noPBC.xtc -pbc mol -center

RMSD

gmx rms -s md_0_1.tpr -f md_0_1_noPBC.xtc -o rmsd.xvg -tu
ns

Rg

gmx gyrate -s md_0_1.tpr -f md_0_1_noPBC.xtc -o
gyrate.xvg

